The mucosal surfaces of the lungs are a major portal of entry for virus infections and there are urgent needs for new vaccines that promote effective pulmonary immunity. However, we have only a rudimentary understanding of the requirements for effective cellular immunity in the respiratory tract. Recent studies have revealed that specialized cellular immune responses and lymphoid tissues are involved in the protection of distinct anatomical microenvironments of the respiratory tract, such as the large airways of the nose and the alveolar airspaces. This review discusses some of the anatomical features of anti-viral immunity in the respiratory tract including the role of local lymphoid tissues and the relationship between effector and memory T cells in the airways, the lung parenchyma, and lymphoid organs.
Introduction
Respiratory virus infections are a major cause of morbidity and mortality throughout the world. Influenza virus infections alone result in the deaths of about 36,000 people per year in the United States and there is tremendous concern that highly lethal variants of this virus may emerge and cause a major pandemic [1, 2] . Moreover, the emergence of new respiratory pathogens, such as the coronavirus associated with Severe Acute Respiratory Syndrome, pose a continual threat [3] . Despite the medical significance of respiratory viral infections, satisfactory vaccines have not been developed. For example, in the case of influenza virus, the currently available vaccine elicits humoral immunity specific for viral coat proteins and must be reformulated yearly to be effective against new viral strains [4] . One possible approach to improve vaccine utility would be to develop supplementary vaccines that promote cellular immunity against relatively invariant viral proteins [5] . The broadly cross-reactive immunity generated by such vaccines would operate against different strains of virus and may be effective through multiple epidemics. Recent progress in our understanding of cellular immune responses in the lung will facilitate the development of such vaccines.
Immunity in the respiratory tract
Much of our understanding of immune responses to respiratory virus infections has been derived through experimental animal models. A particularly robust and well-characterized model is the infection of mice with mouse-adapted influenza virus [6] [7] [8] . When introduced through the nose, the virus establishes infection of lung epithelial cells and elicits powerful cellular and humoral immune responses in the lung. CD8+ cytotoxic T cells first appear in the lung airways on day 7 post-infection and play a key role in clearing virus [9] . Typically, this effector T-cell response peaks around day 10 or 11 [9] . Antibody is also generated in the response, but isotype switched antibody does not accumulate until day 7 and does not appear to play a critical role in the primary infection unless the viral titer is particularly high [10] . Following resolution of the infection, memory T cells persist in secondary lymphoid organs, such as the spleen and local draining lymph nodes, as well as a variety of peripheral sites, including the lung parenchyma and airways [11, 12] . These memory cells retain the capacity to mediate accelerated recall responses due to their semi-activated status and increased precursor frequencies relative to naïve T-cell populations [9, [12] [13] [14] .
While the basic outline of T-cell immunity in the lung has been established, the specific details remain obscure. First, we have only a poor understanding of how primary and memory T-cell responses are initiated and regulated. Second, it remains unclear how T cells actually clear virus from the lungs, although both cytolytic activity and gamma-interferon have been shown to play a role [15] [16] [17] . Third, we have only a rudimentary understanding of the establishment, maintenance and recall of T-cell memory with respect to a mucosal infection. And fourth, it is unclear how the various lymphoid tissues that drain the upper and lower respiratory tract contribute to the initiation and regulation of primary immune responses as well as the maintenance and responsiveness of immune memory. Nonetheless, the field has made substantial progress over the last few years. The advent of new technologies for studying immune responses in vivo has allowed viral immunologists to begin to visualize key processes and dissect the underlying mechanisms. In addition, we have begun to appreciate the anatomical aspects of immune responses in the respiratory tract.
Primary T-cell responses
The infection of respiratory epithelial cells initiates a cascade of events that culminate in the activation of a cellular immune response in the lung. The initial infection induces the production of inflammatory mediators by epithelial cells, which alert the innate immune response to the infection [18] . In addition, dendritic cells (DCs) lining the upper respiratory tract also detect the presence of an infection via toll-like receptors (TLRs), which detect viral proteins [19] or products of viral replication, such as double stranded RNA [18] [19] [20] [21] [22] . The combination of inflammation and TLR signaling activates DCs, increases their expression of class I and class II Major Histocompatibility Complex (MHC) molecules and induces a wide array of costimulatory and adhesion molecules as well as inflammatory cytokines that are required for the induction of T-cell responses [23, 24] . Together, these changes in DC activity result in enhanced presentation of viral antigens to T cells [24] . Finally, the DCs acquire the ability to traffic to the lymph nodes, migrate into T-cell areas and interact directly with naïve T cells [25] . Relatively little is known about the trafficking of DCs under these conditions, although it appears that the majority of DC movement to the lymph nodes occurs within 48 h of infection [25, 26] . Once in the T-cell areas, mature DCs present antigen to naïve T cells, which then initiate a program of proliferation and maturation [27] . This results in a massive increase in the number of antigen-specific T cells and the production of large numbers of effector cells with the capacity to lyse infected epithelial cells and secrete anti-viral cytokines [28] . Finally, these effector cells acquire the capacity to traffic and subsequently move to the site of infection in the lung where they effectively terminate the infection [28] . The initial proliferative program of T-cells appears to take place exclusively in the lymphoid tissues and cells only leave these sites after acquiring appropriate homing signals and effector activities [28] . Thus, the accumulation of T cells in the lung airways results from the rapid output of cells from the lymph nodes (LN) rather than local proliferation. However, as discussed below, there is also the induc-tion of de novo lymphoid tissues in the lung parenchyma, which may serve as sites for additional T-cell replication.
Role of different lymphoid sites
It has generally been assumed that local encapsulated LN play the central role in coordinating the T-cell response to infection [28] . However, emerging data suggest that other lymphoid tissues may also play a critical role. In particular, the Nasal-Associated Lymphoid Tissue (NALT) [29, 30] and the Bronchus-Associated Lymphoid Tissue (BALT) [31] [32] [33] have the potential to prime lymphocytes in response to respiratory infections. Unlike classical LN, these mucosal lymphoid tissues are not encapsulated and are not supplied by afferent lymphatics [34] . Instead, these lymphoid tissues are in direct contact with the mucosal epithelium and respond to antigens that cross the epithelial barrier either by active transport or by infection [34] . Because of their position at mucosal sites, these tissues are poised to respond rapidly to infections in the nose and upper respiratory tract (NALT) as well as infections in the lung and lower respiratory tract (BALT).
The NALT of mice is thought to be equivalent to Waldeyer's ring in humans, which includes the tonsils and adenoids [30] . As shown in Fig. 1 , NALT is a classic example of a mucosal lymphoid organ, with a prominent central B-cell follicle underneath a dome epithelium containing M cells that transport antigen from the lumenal surface of the epithelium to the APCs directly underneath [35] . NALT functions as an inductive lymphoid organ for immune responses to antigens administered in the nose [36] [37] [38] [39] . This is most clearly demonstrated for B-cell responses to antigens administered with cholera toxin, as antigen-specific germinal center B cells develop first in the NALT and subsequently in the draining LNs [40] . NALT also supports the generation of anti-viral effector T cells in response to vaccination with peptides [38, 41] , proteins [36] , or virus [42, 43] although it is not clear from the kinetics of these responses if CD8 cells are initially primed in the NALT or if they are primed in other lymphoid organs and subsequently traffic back to the NALT. Although the magnitude of the T-cell response in NALT is small relative to that in LNs or spleen [43] , it is likely that the cells primed in NALT have specialized homing properties that allow them to protect the upper airways and nasal mucosa. Thus, while the relative contribution of NALT to the overall respiratory immune responses is minor, the NALT may be the primary lymphoid organ that generates cells that protect the upper respiratory tract and nasal passages. Given that natural respiratory infections often begin in the nose and upper airways, the NALT is likely to be one of the first sites of antigen recognition. As such, the role of NALT in initiating immune responses and directing the generation of effector cells that specifically protect the upper respiratory tract deserves closer study. BALT was originally described as a submucosal lymphoid tissue found in the major bronchi of some species and is similar in structure to Peyer's patches and NALT [44] . Like other lymphoid organs, classical BALT is formed independently of antigen by a pre-programmed pathway that unfolds during late embryonic development [45] . However, the presence of BALT in both murine and human lungs is controversial [46, 47] . Although there are numerous reports that organized lymphoid tissue and even germinal centers can be found in murine and human lungs [47] [48] [49] [50] [51] , these lymphoid areas seem to appear as animals age or after infection or inflammation [47] [48] [49] [50] [51] . Furthermore, the inducible lymphoid areas that appear in the lung after infection do not necessarily fulfill the classical definition of BALT, as they are often found in perivascular, peribronchial and even interstitial areas in the lower airways of the lung and do not always occur under a dome epithelium. In addition, the size of the lymphoid areas in the lung also varies widely from small clusters of B, T, and DCs, to the well-developed follicular B-cell areas and inter-follicular T-cell areas shown in Fig. 2 . Furthermore, although the BALT-like areas observed after infection are clearly capable of supporting B-and T-cell proliferation (Fig. 2) , it is not entirely clear whether these structures are merely collections of effector cells that were initially primed in other more conventional lymphoid tissues or whether these structures act like conventional lymphoid organs and are able to recruit and prime naïve lymphocytes.
As discussed above, a central paradigm in immunology is that rare naïve lymphocytes recirculate exclusively through secondary lymphoid organs and are primed in these locations by DCs that were activated in peripheral non-lymphoid tissues [52] . Once the lymphocytes are primed and expanded in lymphoid tissues, they recirculate back to the infected tissue and exert their effector functions [52] . However, the ability of organized lymphoid tissues to form in the lung parenchyma after infection or inflammation blurs the distinction between lymphoid and non-lymphoid organs. Once BALT-like structures are formed in the lung, it is likely that the trafficking patterns of DCs and lymphocytes will be altered and that antigen will be handled differently. In fact, this may explain the observation that influenza-activated DCs only traffic to the LNs that drain the lung for the first day or two of infection and then cease to leave the lung [25] . Perhaps new BALT-like structures are rapidly formed in the lung after infection and trap migrating DCs before they leave. In addition, the BALT-like areas formed in response to a primary infection may play a much more important role in recruiting and priming lymphocytes in response to subsequent infections with the same or even heterologous viruses [53] . Consistent with this idea, DCs are reported to stay in the lungs of lymphotoxin-deficient mice after immunization and prime naïve CD4 cells in situ [54] . Since lymphotoxin-deficient mice lack peripheral LNs and often have BALT-like areas in their lungs [55] , it is likely that BALT functioned as an inductive lymphoid organ in these experiments. Thus, the lung may function as a non-lymphoid target of infection and may also have the ability to function as a lymphoid organ and directly prime lymphocytes. However, the relative contribution of BALT to the priming and expansion of the overall T-cell response to respiratory viral infection remains unclear.
In addition to the role of NALT and BALT in lymphocyte priming and expansion, the environment of these mucosal lymphoid tissues may impart specialized properties on the effector cells that they generate. For example, B cell responses in Peyer's patches are strongly biased towards the production of IgA [56] due to the production of TGF␤ by T cells in the Peyer's patch [57] . This response is specialized for the anatomical structure of the gut as IgA is efficiently transported across the mucosal epithelium of the intestine by the Polymeric Ig receptor [58, 59] . In contrast, B cell differentiation in NALT and BALT results in the production of both IgA and IgG [40] . This probably reflects differences in the structure of the gut and respiratory tract. While IgA is transported across the mucosal epithelium of the upper airways, where it serves to neutralize and clear viral infections, IgG is the primary Ig isotype responsible for the protection of the lower respiratory tract [60] . In fact, high affinity IgG, but not IgA, is of paramount importance for the neutralization of virus in the lung [60] . This is particularly true in the delicate alveolar airspaces, in which IgG entry is mediated by transudation rather than active transport. In fact, the IgG produced in IgA-deficient mice is sufficient to clear influenza in a primary infection and to neutralize the majority of virus in both the lungs and nasal passages upon secondary challenge [61] . Thus, the B cell responses in NALT and BALT are adapted to the requirements of the respiratory tract, rather than to classic mucosal immune responses as defined in the gut.
Mucosal immune responses also generate effector and memory T lymphocytes with unique homing properties [62] . For example, it has been shown that DCs from Peyer's patches prime T cells that preferentially home back to the gut [63] . These T cells upregulate the integrin ␣4␤7, which binds the mucosal addressin MAdCAM [64] , as well as the chemokine receptor CCR9, which binds the gut-expressed chemokine CCL25 [65] . These homing molecules allow memory and effector cells primed in the gut to home back to the gut. Although the paradigm of a common mucosal immune system is often cited to suggest that cells primed at one mucosal site can home to any mucosal site [66] , it appears that the well-defined homing properties of cells primed in the gut do not necessarily apply to the cells primed in the mucosal sites of the respiratory tract [67] . Similarly, the homing receptors and chemokines expressed in the gut do not necessarily match those expressed in the respiratory tract. For example, although the mucosal addressin, MAdCAM, is the primary homing molecule expressed in Peyer's patches [62] , NALT expresses both MAdCAM and the peripheral LN homing receptor PNAd [68] . Furthermore, PNAd is the primary addressin used for lymphocyte entry to the NALT [68] . In contrast, the HEVs of BALT express PNAd, but not MAdCAM, and lymphocyte entry into murine BALT is mediated by PNAd and VCAM [69] . This suggests that homing to NALT and BALT is more similar to homing to peripheral LNs than homing to Peyer's patches. Future studies will have to determine whether there are NALT-or BALT-specific homing molecules that regulate migration to the mucosal tissues of the respiratory tract.
Memory T-cell subsets and the maintenance and recall of respiratory immunity
A signature feature of the adaptive immune response is the establishment of memory T cells capable of mediating accelerated and enhanced recall responses to secondary infection [70] . The rapid nature of the recall response is due to the persistence of increased frequencies of memory T cells in the airways, peripheral non-lymphoid tissues and secondary lymphoid organs [71, 72] . Long-term maintenance of these memory subsets is a dynamic process that involves continuous cell division and turnover [73] . However, the relationship between memory T cells found in the lung airways and the mucosal lining of the respiratory tract and the subsets of memory T cells that are found in the NALT, other secondary lymphoid organs, and BALT remains unclear.
Memory T cells are often divided into two general subsets based on their homing properties. Those memory T cells that maintain some of the homing and activation properties of effector cells (e.g., lack CD62L and CCR7 expression) are termed effector memory cells [71, 74, 75] . Like effector cells, effector memory cells are found throughout the body in non-lymphoid tissues [71, 76] and can rapidly respond to antigen stimulation with immediate effector functions such as cytotoxicity or cytokine production [74, 75] . Not all memory T cells are excluded from lymphoid tissues however, and other memory T cells, termed central memory cells, express CD62L and CCR7 expression, allowing them to recirculate through lymphoid organs [71, [74] [75] [76] . In contrast to effector memory cells, central memory cells do not have immediate effector functions [71, [74] [75] [76] , but instead are thought to rapidly expand and differentiate into a second round of effector T cells in lymphoid organs. Although subsets of memory cells with different homing properties clearly exist after respiratory infection, it is not clear whether the ability of central memory cells to home to secondary lymphoid organs is important for the maintenance of memory T cells in the airways or for the maintenance of memory T cells as a whole.
Recall of memory T-cell subsets
While progress has been made in defining and characterizing distinct memory T-cell subsets, it is far from clear how each subset contributes to a recall response following secondary virus challenge in the lung. In particular, it is unclear whether the ability of central memory cells to home to secondary lymphoid organs is important for the expansion of memory T-cell populations upon secondary challenge. Although rapid secondary expansion was originally proposed to be a property of central memory cells and not effector memory cells, it is now clear that effector memory T cells can also rapidly proliferate and accumulate in the lungs of recipient mice upon adoptive transfer and challenge infection [72, 77, 78] . Thus, the functional differences between central and effector memory cells are not as clear-cut as originally described. Furthermore, the secondary expansion of memory cells in general is not dependent on the environment of secondary lymphoid organs, as adoptively transferred memory CD4 cells proliferate in response to antigen in mice that lack all peripheral lymphoid organs [79] . Thus, although memory T cells with different homing properties clearly persist in various lymphoid and non-lymphoid tissues after respiratory infection, it is not clear how the cells in each of these tissues are related, how they are maintained or how they contribute to secondary responses.
While the antigen-driven expansion of memory T cells in the secondary lymphoid organs has generally been considered the basis of a recall response, there is accumulating evidence that non-proliferating memory T cells are also critically involved [80, 81] . In this regard, recent data suggest that the recall response is comprised of several distinct phases that are temporally and anatomically separated and involve distinct subpopulations of memory T cells (Fig. 3 ) [81] . The first phase is mediated by memory T cells that are resident in the lung airways [11, 12, 14, 82, 83] . Importantly, these cells are able to respond to the first signs of infection when viral loads are very low. While unable to proliferate in response to infection due to the constraints of the airway environment, they can produce cytokines that may limit viral replication and spread in the epithelium [81, 84] . Interestingly, these cells are not able to mediate cytolytic activity, which has been attributed to the loss of CD11a, a unique feature of lung airway memory T cells [78, 85] . The second phase of the response is mediated by memory T cells that are rapidly recruited to the airways in the first few days of the response. These cells do not proliferate either prior to recruitment or at the site of infection but it is not clear whether these cells come from the lung parenchyma, local sites such as the NALT or BALT or even more distal sites via the circulation [80, 81] . In the mouse model, relatively large numbers of cells are recruited within four days of infection, but do not produce a sustained response and the response wanes by day 6 [81] . The third stage of the response is the antigen-driven expansion of memory T cells that occurs in the secondary lymphoid organs, including BALT, draining LNs and spleen [86] . These memory T cells proliferate for several days in the lymphoid organs and are only recruited to the lung airways after about day 5 of infection. In a normal recall response, these distinct phases are integrated to produce a sustained response to the infection in the lung.
The key feature of this model is that there are early memory T-cell responses to the virus that occur independently of the antigen-driven proliferation of memory T cells that occurs in lymphoid tissues. While these early T-cell responses are non-renewing (i.e., do not involve T-cell expansion), they are present at the site of infection when viral loads are relatively low. Furthermore, this early response appears to be a critical feature of effective T-cell immunity inasmuch as the strength of this response correlates with the efficacy of viral clearance. For example, it is well established that the relative efficacy of the recall response (in terms of controlling viral loads) declines rapidly over the first year [87] [88] [89] . Interestingly, this decline in efficacy correlates in part with a decline in the numbers of memory T cells in the lung airways suggesting that local T cells play a critical role in mediating protective immunity [12, 14] . This being the case, vaccines designed to promote protective immunity in the lung need to effectively generate memory T-cell populations that elicit these early phases of the T-cell response. Fig. 3 . Recall responses to secondary virus infections occur in phases. The memory CD8+ T-cell response to secondary virus infections is comprised of three distinct phases (upper panel). The first phase of comprised of memory cells already resident in the lung airways (bronchoalveolar lavage cells, BAL) that respond immediately to infection. These cells do not proliferate and are largely eliminated by day 4 of the infection through inflammatory mechanisms. The second phase is the antigen non-specific recruitment of non-proliferating memory cells from the circulation. The numbers of cells peak around day 4 and then decline since this is a non-replicating population. Finally, proliferating effector cells generated by antigen-driven stimulation in the LN are recruited after day 4. The combined response is illustrated in the lower panel, which also indicates the fraction of the response that involves proliferating T cells. Note that the late phase of the combined response indicates that new memory cells persist in the lung airways following resolution of the infection.
Concluding remarks
A major challenge for immunologists is deciphering the underlying mechanisms of immune protection at mucosal surfaces such as the lung epithelium. Over recent years, we have begun to develop a picture outlining the major processes involved. It has now emerged that these responses are highly orchestrated in anatomically distinct sites and regulated by a variety of factors. Furthermore, multiple lymphoid tissues appear to play critical roles, including de novo generated lymphoid sites in the lung parenchyma. Understanding the individual steps of an immune response in the lungs is essential if we are to develop vaccines that elicit effective immunity in the lung.
